A new family of Ru(II) polypyridyl complexes (C1 to C6) containing furyl-or thienyl-imidazo-phenanthroline ligands (4-6) were synthesized using microwave irradiation and characterized by elemental analysis, 1 H-NMR, UV-vis absorption and fluorescence spectroscopy, FAB, EI-MS and MALDI-TOF-MS spectrometry.
Introduction
Among the multiple application fields of ruthenium (II) polyazaheteroaromatic compounds have been used as probes of the biopolymer tertiary structure, photocleavage agents and, in recent times, as inhibitors of biological functions. 4,1a One of the most extensively studied metal complexes used as luminescent probe is [Ru(bpy) 2 (dppz)] 2+ (bpy = 2,2'-bipyridine, dppz = dipyrido [3,2-a:2',3'-c] phenazine). 5 This complex functions as a molecular "light switch" for DNA because of the dramatic emission enhancement experienced by this probe and related phenazine complexes in the presence of double-stranded nucleic acids, being otherwise weakly emissive in aqueous solution. The reason for this behaviour is the peculiar electronic nature of the phenazine ligand and the lowest-lying excited state swap that occurs in protic solvents, 6 together with the intercalative binding mode to double-stranded DNA of Ru(II)-dppz and related complexes. 7 For all ruthenium(II) polypyridyl complexes, non-radiative vibrational deactivation with the water molecules can be minimized by a close interaction with a hydrophobic negatively charged surface, 8 and the intimate contact (e.g. DNA intercalation) with the biopolymer protects the triplet excited state of the probe from the O 2 quenching, 9 overall leading to a substantial increase in the 3 MLCT excited state lifetime.
Very recently these complexes have been applied as multifunctional biological agents for direct imaging of DNA in living cells. 10 By varying the ligands that constitute the complexes, it is possible to modify the nature and strength of their binding to nucleic acids. As mentioned above, all positively charged complexes are expected to be attracted to the anionic DNA, and those containing at least one extended heteroaromatic ligand in the coordination sphere may insert such ligand between adjacent base-pairs of double-stranded DNA (i.e. binding by intercalation). 2a,7,9a,11 Indeed, it has been observed that while [Ru(bpy) 3 ] 2+ binds in a relatively weak manner to DNA (mostly through electrostatic interaction in one of the grooves), the interaction of [Ru(phen) 3 ] 2+ is stronger. 12 Therefore, in order to study the factors that influence the DNA-binding mode of Ru(II) complexes with extended and ancillary ligands, the structural diversity of the metal chelating structures must be taken into account. Moreover, a further tuning of the probe photophysical and DNA binding properties might be achieved when new extended conjugation systems are composed by different heterocyclic nuclei (molecular meccano concept). suggesting that these complexes bind to DNA through intercalation and, when irradiated at 400 nm, promote the photocleavage of the DNA, we set out to synthesize Ru(II) furylimidazo-phenanthroline complexes that were hitherto unknown.
In this way, four new ligands and six Ru(II) polypyridyl complexes, C1 to C6, are photophysically characterized in this work, and the interaction of the latter with calf-thymus DNA has been followed by steady-state and single-photon timing luminescence measurements. The effect of three different quenchers on the emission properties of the DNA-bound complexes has also been studied, in an attempt to reveal the possible binding modes of the complexes to the nucleic acid. A mixture of the corresponding aldehyde (1.2 mmol), NH 4 OAc (20 mmol) and 1,10-phenanthroline-5,6-dione (1 mmol) in glacial acetic acid (10 mL) was stirred and heated at reflux for 5 h. The mixture was then cooled to room temperature and the product precipitated during neutralization with NH 4 OH 5 M.
The precipitate was filtered out, washed with water and diethyl ether, recrystallized from absolute ethanol and dried under vacuum to give the expected product.
2-(4'-(thien-2''-yl)phen-2'-yl)-1H-imidazo[4,5-f][1,10]phenanthroline (5).
Yellow solid (0.139 g, 82% 123.4, 124.5, 125.8, 126.5, 126.9, 128.7, 128.8, 129.8, 134.7, 135.9, 142.6, 146.4, 147.8, 150 . 1 ): 3439, 2950, 1605, 1562, 1531, 1479, 1451, 1429, 1395, 1351, 1312, 1296, 1259, 1212, 1190, 1119, 1069, 1029, 957, 844, 803, 740. Decomposition at T > 320 ºC. UV (ethanol, nm): λ max (log ) = 345 (4.16).
2-(furan-2'-yl)-1H-imidazo[4,5-f][1,10]phenanthroline (6a). The compound
was isolated as an orange solid (0.114 g, 85%). MHz, DMSO-d 6 ):  109. 9, 112.5, 123.3, 129.6, 143.0, 143.6, 144.4, 145.4, 147 2923 , 2853 , 1644 , 1565 , 1538 , 1507 , 1463 , 1397 , 1377 , 1350 , 1228 , 1191 , 1116 , 1073 , 1017 ºC. UV/Vis (ethanol, nm): λ max (log ) = 318 (4.14).
2-(5'-(thien-2''-yl)furan-2'-yl)-1H-imidazo[4,5-f][1,10]phenanthroline (6b).
The compound was isolated as a dark yellow solid (0.110 g, 79 %). 123.5, 124.4, 125.9, 126.4, 128.3, 129.7, 131.9, 135.8, 142.5, 143.6, 143.7, 144.3, 147.9, 147.9, 149.8 
2-(5'-phenylfuran-2'-yl)-1H-imidazo[4,5-f][1,10]phenanthroline (6c).
The compound was isolated as a yellow solid (0.061 g, 60 %). 9.02 (dd, 2H, J = 6.0 and 1.6 Hz, 6-H + 9-H) ppm.
13
C NMR (100.6 MHz, 108.4, 111.9, 121.6, 123.3, 123.9, 128.1, 128.9, 131.3, 131.3, 143.2, 143.6, 145.3, 147.8, 153.9 ): 3371, 2911 3371, , 2853 3371, , 1619 3371, , 1565 3371, , 1490 3371, , 1397 3371, , 1299 3371, , 1277 3371, , 1190 3371, , 1150 3371, , 1124 3371, , 1073 3371, , 1027 . UV/Vis (ethanol, nm):
Synthesis of the Ru(II) Complexes. In 5 mL of ethylene glycol, the corresponding quantity of imidazo-phenanthroline ligand and the Ru(bpy) 2 Cl 2 complex were dissolved. The mixture was heated in a Milestone microwave oven (450 W) for 30 s, which led to a color change from violet to deep orange, and then allowed to cool for a while. The mixture was heated for three more periods of 30 s. The solvent was removed by distillation at low pressure, the residue was dissolved in 2 mL of water, and a saturated NH 4 PF 6 aqueous solution was added. The precipitate formed was then filtered through a frit, washed with water (3 x 10 mL) and diethyl ether (3 x 10 mL), and dried under vacuum. Synthesis. In order to compare the effect of the electronic nature of aryl and heteroaryl moieties on the optical properties of linear imidazo-phenanthrolines 4-6, formyl-derivatives containing bithienyl 1a-b, arylthienyl 2, furyl 3a, thienylfuryl 3b and arylfuryl 3c -conjugated bridges were used as precursors of phenanthrolines 4-6. Compounds 1a, 2, 3a and 3c were commercially available.
C1:
The synthesis of 5'-formyl-2-methoxy-2,2'-bithiophene 1b has been reported. 20 Therefore, heterocyclic ligands 4-6 with either bithienyl, arylthienyl, furyl, thienylfuryl and arylfuryl moieties (unsubstituted or bearing a methoxy donor group) linked to the chelating imidazo-phenanthroline system, were synthesized in good to excellent yields (60-85%, Table 1 ) through the Radziszewski reaction, 21 using 5,6-phenanthroline-dione, formyl precursors 1-2 and ammonium acetate in refluxing glacial acetic acid for 15 h (Scheme 1).
In the 1 H NMR spectra of most imidazo-phenanthroline derivatives, a peak at about 13.8-13.9 ppm was detected as a broad singlet that was attributed to the N-H in the imidazole moiety. The NH was also identified by IR spectroscopy as a sharp band within the spectral region of 3371-3439 cm -1 .
Insert Table 1 Table 2 summarizes all the spectroscopic data.
Insert Table 2 The interaction of the stronger emissive C3 to C6 complexes was studied quantitatively; Figure 1 shows in more detail the spectroscopic study of complex C3 bearing a thienyl-aryl substituent in the presence of increasing amounts of DNA. Figure 1A indicates that there is a hypochromicity in the MLCT band upon addition of DNA, suggesting the intercalation of C3 into the double DNA helix.
At the same time the emission intensity ( Figure 1B ) and lifetime (Table T1 in Supplementary Material) of the bound luminophore are enhanced due to a combination of a more hydrophobic microenvironment around the metal complex after binding (the O-H oscillators help to deactivate the emissive 3 MLCT state) 8 and the protection from quenching by dissolved molecular oxygen imparted by the polynucleotide strand. Inset in Figure 1B shows the increases observed both in the steady state spectra and in the luminescence lifetime in the presence of DNA.
Insert Figure 1 at about here
A similar behavior was found for the other imidazo-phenanthroline complexes, as can be seen for complex C5 in Figure 2 and Table T2 in Supplementary Material. All the results for the remaining complexes are reported in Figures S3 to S6, and Tables T3 and T4 , Supplementary Material.
Insert Figure 2 at about here
The intrinsic DNA binding constants (K b ), which provide a measure of the interaction strength, were obtained by monitoring the changes in absorbance at to the simple Scatchard eq (2), 23 that is only valid for low binder-to-DNA ratios (i.e., far from the DNA saturation) and assumes no binding cooperativity: (Table T5 , Supplementary Material), since both compounds emit in the same region, and the lifetime values for ethidium are significantly shorter, thus masking the true  m values.
In the case of potassium hexacyanoferrate(II) quencher, no changes in the luminescence lifetime were observed for the photoexcited C3 bound to DNA (See Figure S12 and Table T6 , Supplementary Material). These results suggest that the complex is fully bound to DNA as the positively charged complex should be easily quenched by this highly anionic quencher if both species were free in solution, 27 while the negative DNA phosphate backbone hinders quenching of the bound complex emission. However, total luminescence quenching is observed for the DNA-bound C3 complex, both in steady-state and time-resolved emission, in the presence of methyl viologen (MV 2+ ) ( Figure 3 and Table 3 ).
Insert Figure 3 and Table 3 at about here
Emission quenching experiments for complexes C4, C5 and C6 have also been performed using methyl viologen as a quencher, and the results are comparable to those obtained for C3. Steady-state emission spectra and luminescence lifetime decays for C5 are represented on Figure 4 and Table 4 , respectively (See absorption spectra in Figure S13 , Supplementary Material). All the results for the remaining complexes are reported in Figures S14 and S15 and Tables   T7 and T8 , Supplementary Material. The slight enhancement of the lifetime values for the last methyl viologen additions (Tables T7 and T8) ] stock = 5 mM. ). Both fast (short) (▲) and slow (long) (○) components of the emission decay are represented. λ exc = 405 nm. Emission collected at 610 nm.
